Data from the present study have been submitted to EBI (European Bioinformatics Institute). EBI study accession: ERP009029.

Introduction {#sec001}
============

The mammalian gut contains an estimated 100 trillion commensal microorganisms that have collectively co-evolved to enrich host physiology \[[@pone.0125889.ref001]\]. A large body of work decisively demonstrates that these microorganisms are critical for the development and function of many physiological systems. Studies comparing germ-free mice (GF mice; mice bred in sterile conditions and lacking gut microbiota) to conventional mice have revealed that bacterial colonization of the intestine is important for nutrient synthesis and uptake \[[@pone.0125889.ref002]--[@pone.0125889.ref004]\], immune regulation/tolerance \[[@pone.0125889.ref005],[@pone.0125889.ref006]\], the development of primary and secondary lymphoid tissues \[[@pone.0125889.ref007],[@pone.0125889.ref008]\], and an intact gastrointestinal barrier \[[@pone.0125889.ref009]\].

In addition to the importance of an intact gut microbiota, the overall phylogenetic composition and the presence of specific species can confer benefits on host health. At the phylum level, there is evidence by some \[[@pone.0125889.ref010]--[@pone.0125889.ref013]\] but not all \[[@pone.0125889.ref014],[@pone.0125889.ref015]\] researchers that an increased Bacteroidetes to Firmicutes ratio is linked to a lean phenotype \[[@pone.0125889.ref010]--[@pone.0125889.ref013]\] and increases in the production of short-chain fatty acids (SCFAs) that promote energy expenditure. At the species level, some *Bacteroides spp*. \[[@pone.0125889.ref016]\] and indigenous *Clostridium spp*. \[[@pone.0125889.ref017]\] can facilitate T regulatory cell differentiation and induce anti-inflammatory immune responses. Recently, evidence has revealed that specific microorganisms can even influence brain plasticity and emotional behavior. For example, *Bifidobacteria* and *Lactobacillus spp*. can attenuate anxiety and depressive-like behavior in rodents \[[@pone.0125889.ref018],[@pone.0125889.ref019]\], as well as humans \[[@pone.0125889.ref020]\]. Thus, given that specific microorganisms at both the phylum and species levels can promote aspects of host health, the microbial composition of the intact gut is important to consider.

Interestingly, recent research demonstrates that the impact of the gut microbiota on host physiology can be age dependent. Studies using GF mouse models have revealed an early sensitive period during which the absence of an intact gut microbiota results in irreversible behavioral and physiological consequences. For instance, exaggerated HPA-responses exhibited by GF mice can only be partially normalized with *Bifidobacteria infantis* if given in early life \[[@pone.0125889.ref021]\]. Similarly, GF mice exhibit altered anxiety behavior in the elevated plus-maze that can be normalized by exposure to microbial populations from conventionally raised mice, but not if exposure occurs in adulthood \[[@pone.0125889.ref022]\]. Early exposure to certain microorganisms can also program the immune system. For example, inoculation with *Bifidobacteria spp*. produced oral tolerance in GF mice only if administered early in development \[[@pone.0125889.ref023]\]. In addition to evidence from GF models, antibiotic-induced perturbations in microbiota during early, critical periods can create lasting changes in host physiology. Indeed, it was recently demonstrated that antibiotic administration in early life produced increases in total body mass as well as fat mass in adulthood \[[@pone.0125889.ref024]\]. Evidence from humans also suggests that bacterial community structure and composition during development can have long-lasting phenotypic impacts. For example, one study in humans revealed that infant microbial composition was predictive of childhood obesity \[[@pone.0125889.ref025]\], while others have shown that early life antibiotic administration is associated with increased adiposity \[[@pone.0125889.ref026],[@pone.0125889.ref027]\]. These findings reveal that the presence and composition of the gut microbiota during development can program host health throughout the lifespan.

Physiological systems of the developing organism are highly malleable and sensitive to change, and the gut microbial community is similarly more plastic and volatile early in life \[[@pone.0125889.ref028]--[@pone.0125889.ref032]\]. To our knowledge, the most comprehensive study to date investigating microbial diversity across age included samples from infants, children, adolescents, and adults and demonstrated that interpersonal variation in microbial composition was significantly greater in children versus adults \[[@pone.0125889.ref030]\]. Importantly, this work also revealed that bacterial diversity increased across age. It has been suggested that the increased stability and complexity of the adult microbiota provides resistance against long-term changes in composition \[[@pone.0125889.ref028]\]. The early life microbial ecosystem may therefore be more sensitive to environmental change because it is less stable and diverse than the adult microbiota. Thus, environmental manipulations that produce adaptive changes in community structure could potentially have a greater and more lasting impact on the microbiota if implemented in early life.

Exercise is one such environmental manipulation capable of changing gut microbial composition in a manner that could potentially benefit the host. For instance, six days of wheel running exercise increased *Bifidobacterium* and *Lactobacillus spp*. \[[@pone.0125889.ref033]\], species implicated in mood and lean body composition \[[@pone.0125889.ref034]\]. Another group reported that wheel running significantly altered overall microbial composition and increased n-butyrate concentrations \[[@pone.0125889.ref035]\]. This particular SCFA is capable of increasing host energy expenditure \[[@pone.0125889.ref036]\]. Notably, in another study, wheel running prevented high-fat diet associated weight gain and produced a microbial composition similar to lean mice \[[@pone.0125889.ref037]\]. Although some evidence suggests that exercise can adaptively alter gut microbial composition, no research to date has considered the developmental stage of exercise initiation, nor investigated the stability of these exercise-induced changes across the lifespan. Given the state of plasticity of the developing gut and the therapeutic potential of manipulating bacterial composition in early life, it is important to investigate whether exercise-induced changes in composition are greater and more stable if exercise is initiated earlier in development. Furthermore, given the relationship between exercise-altered microbiota and metabolic adaptations, it is possible that early life exercise could produce microbial patterns that promote leanness as well as lasting, beneficial changes in body composition.

To explore this, adult, postnatal day (PND) 70 and juvenile, PND 24, male F344 rats were housed in standard cages with or without running wheels for six weeks. Wheel running in rodents is rewarding \[[@pone.0125889.ref038]\] and produces a multitude of beneficial effects including increased endurance \[[@pone.0125889.ref039]\], decreased visceral adiposity \[[@pone.0125889.ref040]\], and increased stress robustness \[[@pone.0125889.ref041]--[@pone.0125889.ref044]\]. Additionally, wheel running is a natural behavior as rodents in the wild will choose to run on wheels if given access \[[@pone.0125889.ref045]\].

In the present study, gut microbial composition was assessed using 16S rRNA gene sequencing in fecal samples from juvenile and adult runners and their sedentary counterparts. Samples were collected after three days and six weeks of wheel running, and 25 days after running had stopped. 16S rRNA gene sequencing provides a comprehensive measure of microbial ecology without the bias of traditional culture methods. To assess possible physiological consequences associated with an early life exercise-altered microbial configuration, long lasting adaptations in body composition were also investigated in separate cohorts of rats using chemical carcass analysis. We hypothesize that exercise initiated during the juvenile period will produce more robust and stable adaptations in gut microbial composition than exercise initiated in adulthood, and that these changes will be associated with a lean phenotype.

Materials and Methods {#sec002}
=====================

Subjects and Housing {#sec003}
--------------------

Juvenile, PND 24 (postnatal day; n = 20) and adult, PND 70 (n = 20), male Fischer F344 rats (Harlan Laboratories, IN) were housed in a temperature (22°C) and humidity controlled environment and maintained on a 12:12-hr light: dark cycle, and fed a standard diet containing 18.6% protein, 6% fat and 3.5% fiber (Harlan Laboratories, IN). All rats were pair housed in Nalgene Plexiglas cages (45 x 25.2 x 14.7 cm). Pair housing was necessary in these experiments due to the stressful nature of single housing juveniles \[[@pone.0125889.ref046]\]. Care was taken to minimize discomfort during all procedures, and all experimental protocols were approved by the University of Colorado Animal Care and Use Committee. All rats were weighed weekly, and had *ad libitum* access to food and water.

Voluntary exercise {#sec004}
------------------

Immediately upon arrival, juvenile and adult rats were randomly assigned to either remain sedentary in standard cages (Juvenile sed; n = 10/Adult sed; n = 10) or were housed in standard cages equipped with running wheels and allowed voluntary wheel access for six weeks (Juvenile run; n = 10/Adult run; n = 10). Following six weeks of wheel access, wheels were rendered immobile with metal stakes for 25 days. Daily wheel revolutions were recorded using Vital View software (Mini Mitter, Bend, OR) and running distance was calculated by multiplying the number of wheel revolutions by circumference of the wheel (1.081 m). Running distance data are represented as weekly totals. Since rats were pair-housed, values for individual rats were estimated by dividing the total weekly distance by two.

Fecal sample collection {#sec005}
-----------------------

Fecal samples were collected from each animal at three different time points: following three days of exercise, following six weeks of exercise, and 25 days after wheels were locked. On each of the sample collection days, at approximately 0900 hours, each rat was placed into a sterile Nalgene Plexiglas cage devoid of bedding. Exposure to a novel environment has been shown to induce defecation in rats \[[@pone.0125889.ref047]\]. Following defecation, samples were obtained with sterilized forceps and placed into 1.5mL sterile, screw cap tubes (USA Scientific, FL), and immediately placed on ice. Forceps were sterilized with 100% ethanol between samples. Immediately following sample collection, rats were place back into their home cages and samples were frozen at -80°C until later processing.

16S rRNA Gene sequencing and microbial composition analysis {#sec006}
-----------------------------------------------------------

Samples were prepared for sequencing using established protocols \[[@pone.0125889.ref048],[@pone.0125889.ref049]\]. After sample preparation, variable region 4 (V4) of 16S rRNA genes present in each sample was PCR-amplified with forward and reverse primers (F515/R806). The reverse primer is barcoded with an error-correcting 12-base Golay code to facilitate demultiplexing of up to 1,500 samples \[[@pone.0125889.ref050]\]. Following purification and precipitation to remove PCR artifacts, samples were subjected to multiple sequencing on an Illumina Genome Analyzer IIx. Operational taxonomic units (OTUs) were picked using a 'closed reference' approach \[[@pone.0125889.ref051]\]. In brief, this approach takes sequenced reads and compares them to a reference database. A sequence is considered a 'hit' if it matches something in the reference database at greater than 97% sequence identity. If an experimental sequence failed to match any member of the reference collection, it was discarded. Closed-reference picking is preferable to 'de-novo' or 'open-reference' picking in well characterized rat gut communities because the curated reference database acts as a filter; low quality or noisy sequences which get past the quality control steps, but do not actually represent novel OTUs, are eliminated. GreenGenes May 2013 version was the reference database used \[[@pone.0125889.ref052]\], and all sequence processing was done with QIIME v 1.8.0 \[[@pone.0125889.ref053]\] using the UCLUST algorithm \[[@pone.0125889.ref054]\]. Taxonomy and phylogeny were taken from the GreenGenes reference collection. The current experiment generated 5,787,335 sequences, of which 1,132,569 were discarded because of uncorrectable barcode errors, low quality, or for being too short (using the default parameters in the QIIME script 'split_libraries_fastq.py'). The remaining 4,654,766 sequences of median length 151 nucleotides were clustered. The resulting OTU table was rarefied at 8468 sequences/sample to correct for uneven sequencing depth due to amplification differences between samples. Rarefaction is a conservative approach that normalizes library size to prevent type I errors in a variety of techniques applied by QIIME. Recent literature has questioned the 'statistical admissibility' of rarefaction \[[@pone.0125889.ref055]\] in the context of differential abundance testing (e.g. ANOVA), but provide a superior method for only the basic two-way comparison. PCoA, supervised learning, and other methods perform poorly without rarefaction when sequencing depth differs between samples. To check that our selected rarefaction depth was not responsible for erroneous conclusions, these data were also rarefied at higher levels to check that patterns were not artifacts of low sequence coverage. PCoA visualizations were done using the Emperor software package \[[@pone.0125889.ref056]\].

N = 9 samples/group were submitted for sequencing at the first two time points, and n = 6 samples/group were submitted for the final time point. Rats were excluded due insufficient fecal samples. Final group sizes used in all microbial analyses are as follows: Adult sed at three days (n = 9), six weeks (n = 7; two samples excluded due to yield less than 8468 sequences; see rarefaction description above), and 25 days post (n = 5; one sample excluded due to yield less than 8468 sequences); Adult run at three days (n = 9), six weeks (n = 9), and 25 days post (n = 6); Juvenile sed at three days (n = 9), six weeks (n = 9), and 25 days post (n = 6); Juvenile run at three days (n = 9), six weeks (n = 9), and 25 days post (n = 6).

### Alpha diversity {#sec007}

Three measures of alpha diversity were calculated for all samples: Shannon entropy, an indicator of an even and balanced community structure; species richness, the observed number of species; and phylogenetic diversity, the total descending branch length of the constructed phylogenetic tree for a given sample \[[@pone.0125889.ref057]\].

### Beta diversity {#sec008}

Principal coordinates analysis (PCoA) was performed using unweighted UniFrac distances. Briefly, UniFrac is an algorithm that determines differences between microbial communities between samples based upon their shared branch length on a phylogenetic tree \[[@pone.0125889.ref058]\].

### Supervised learning {#sec009}

Supervised learning is a type of machine learning approach that splits data into training and test sets to build predictive models of class (sample) labels given the features (OTUs) in those samples. Here, we employ the popular random forests (RF) algorithm. In brief, the RF model utilizes a forest of decision trees to attempt to predict which experimental group a sample came from based upon the presence of certain features (OTUs and taxonomically grouped OTUs) within that sample. The supervised learning algorithm is allowed to train on a subset of samples, and is then used to classify the remainder of the samples. The success rate of this algorithm is defined by its classification accuracy, which is computed by the ratio of the percentage of mislabeled samples using random guesses / the percentage of mislabeled samples using the models of the decision trees. A classification accuracy value of 2.0 or higher indicates that particular OTUs can be used to predict what experimental group a sample came from with significantly higher accuracy than random chance, and can signify robust changes to the microbial population due to an experimental manipulation \[[@pone.0125889.ref059]\].

### Data Repository {#sec010}

Data from the present study have been submitted to the European Bioinformatics Institute (EBI; study accession: ERP009029).

Body composition analysis {#sec011}
-------------------------

Chemical carcass analysis was utilized to examine the long-lasting impact of exercise on body composition in a separate cohorts of rats exposed to the same protocols, wherein adult and juvenile rats were allowed voluntary access to running wheels for six weeks. Immediately following six weeks of exercise, rats were sacrificed and carcasses were frozen for later processing (4 groups: adult sed/adult run/juvenile sed/juvenile run; n = 6/group). Wheels were locked for 25 days for the remainder of the rats (4 groups; n = 6/group). 25 days following exercise cessation, these rats were also sacrificed and carcasses were frozen for later carcass analysis. Chemical carcass analysis was performed on all rats in accordance to previously published protocols \[[@pone.0125889.ref060]\] to determine total fat mass and total lean mass (total lean mass was calculated as fat free dry mass plus water content, minus ash content).

Statistical Analysis {#sec012}
--------------------

Statistical analyses were conducted using the SPSS software package V.21 (SPSS, Chicago, IL). Running distance was compared using a 2 (age) by 6 (weeks of exercise) mixed design ANOVA, and body weight was compared using a 2 (age) by 2 (exercise status) by 9 (weeks) mixed design ANOVA. Chemical carcass body composition and body weight were analyzed using a 2 (age) by 2 (exercise status) by time point (6 wks vs. 25d post). Alpha diversity measures (Shannon entropy, species richness, and phylogenic diversity) as well as relative abundance of microbial taxa at the phylum and the genus levels were subjected to normality tests (Shapiro-Wilk), and all non-normal data were subsequently rank transformed. A 2 (age) by 2 (exercise status) by 3 (time point of fecal sample collection; 3d vs. 6 wk vs. 25d post) mixed design ANOVA was then used to investigate measures of alpha diversity and relative abundance at the phylum and genus levels. At the genus level, taxa without an order classifier were excluded from analyses. Correction for multiple comparisons was conducted using the Benjamini-Hochberg step down method \[[@pone.0125889.ref061]\] implemented in the QIIME 1.8.0. Significant interactions were further investigated with Fisher's PLSD, with alpha set to p\<.05. Supervised machine learning using random forests as implemented in QIIME were employed to classify and differentiate sample classes.

Results {#sec013}
=======

Running distance and body weight {#sec014}
--------------------------------

The mean total weekly running distances, estimated per rat, were calculated for adult and juvenile runners. Running distance increased across six weeks (p\<0.0001), and age did not impact total running distance (p = 0.110). A time by age interaction was observed (p\<0.0001). During the initial two weeks of exercise, adult onset runners ran significantly more than juvenile onset runners; however, during the second half of the exercise, juveniles ran significantly more than adults ([Fig 1A](#pone.0125889.g001){ref-type="fig"}; see graph for detailed post-hoc comparisons).

![Running distance and body weight.\
A) Weekly total running distance across six weeks of exercise, estimated per rat. Adults ran more in the first half of exercise, whereas juveniles ran more during the second half of exercise, although total distance summed across six weeks did not differ between age groups. B) Body weight across the duration of the experiment; adult runners weighed less than their sedentary counterparts during exercise, then returned to sedentary levels shortly following exercise cessation. Juvenile runners weighed more than their sedentary counterparts toward the end of exercise and continued to weigh more after exercise cessation. Data are represented as mean ± SEM; \*p\<0.05.](pone.0125889.g001){#pone.0125889.g001}

Both adults and juveniles gained weight throughout the experiment (p\<0.001). Overall, the adults weighed more than the juveniles (p\<0.001). ANOVA also revealed significant interactions between time and age (p\<0.001), time and exercise status (p\<0.001), as well as age and exercise status (p\<0.001). Post hoc comparisons revealed that adult onset runners weighed significantly less than their sedentary counterparts during exercise, and returned to sedentary levels one week following exercise cessation. In contrast to the pattern observed in the adults, juvenile onset runners began to weigh more during exercise, and continued to gain more weight than their sedentary counterparts following exercise cessation ([Fig 1B](#pone.0125889.g001){ref-type="fig"}; see graph for detailed post-hoc comparisons).

Early life exercise and age altered alpha diversity {#sec015}
---------------------------------------------------

Analysis of Shannon entropy ([Fig 2A](#pone.0125889.g002){ref-type="fig"}) revealed that adults had higher Shannon entropy than juveniles (p\<0.01), indicating that their microbial communities were more balanced and evenly dispersed. Additionally, juvenile runners displayed decreased Shannon entropy (exercise status by age interaction; p\<0.05), indicating that their microbial communities were less balanced compared to their sedentary counterparts. Analyses at each time point revealed that juvenile runners showed decreased Shannon entropy after six weeks of exercise compared to sedentary juveniles. Running had no impact on Shannon entropy in adults.

![Early life exercise and age altered alpha diversity.\
Measures of alpha diversity for adult and juvenile run and sed rats after three days (3d) and six weeks (6 wk) of wheel running, and 25 days following exercise cessation (25d post). A) Shannon entropy, an indicator of an even community structure, was significantly higher in the adults than juveniles. Juvenile runners displayed decreased Shannon entropy overall and at 6 wk. B) Species richness was significantly higher in the adults relative to juveniles. Runners had significantly fewer species overall than their sedentary counterparts, and juvenile runners had significantly fewer species than juvenile sedentary rats 3d following the start of exercise. Data are represented as mean ± SEM; \*p\<0.05.](pone.0125889.g002){#pone.0125889.g002}

Examination of species richness ([Fig 2B](#pone.0125889.g002){ref-type="fig"}) revealed that adults exhibited more species overall than juveniles (p\<0.05), and runners had fewer species overall (p\<0.05) than sedentary rats. A time by run by age interaction was also observed (p\<0.05), in that juvenile runners exhibited fewer species than juvenile sedentary rats after three days of exercise. No differences were observed between adult runners and adult sedentary rats at any time point.

ANOVA revealed no statistically reliable group differences in phylogenetic diversity.

Early life exercise and age altered beta diversity {#sec016}
--------------------------------------------------

Principal coordinates analysis (PCoA) using unweighted UniFrac distances with an explicit time axis revealed clustering of the microbial communities of juveniles versus adults at each time point ([Fig 3](#pone.0125889.g003){ref-type="fig"}). After six weeks of exercise, a clear clustering of the microbial communities of juvenile runners versus juvenile sedentary rats is evident, with no noticeable pattern within the adults.

![Early life exercise and age altered beta diversity.\
Principle coordinates analysis (PCoA) using unweighted UniFrac distances with an explicit time axis depicts clustering of microbial communities due to age after three days (3d) and six weeks (6 wk) of exercise and 25 days following exercise cessation (25d post). After 6 wk, a clear clustering of juvenile run versus juvenile sed samples is noticeable.](pone.0125889.g003){#pone.0125889.g003}

Effects of early life exercise at the phylum level {#sec017}
--------------------------------------------------

Next, the relative abundances of nine phyla were examined ([Fig 4](#pone.0125889.g004){ref-type="fig"}). After controlling for false discovery rate, ANOVA revealed that only Deferribacteres changed significantly across time (p = 0.0315). A time by age interaction in Actinobacteria (p\<0.05) was also observed, in that higher levels were detected in the adults after six weeks. Significant differences due to exercise were only observed in juvenile runners within Firmicutes, Bacteroidetes, Proteobacteria and Euryarchaeota (exercise by age interaction; p≤0.05). Specifically, juvenile onset exercise increased relative abundance of Euryarchaeota and Bacteroidetes overall, and analyses at each time point revealed that these phyla were significantly increased compared to juvenile sedentary rats after six weeks of exercise (p\<0.05). An opposite pattern was observed in Firmicutes and Proteobacteria in that these phyla both decreased in juvenile runners compared to their sedentary counterparts, overall and specifically after six weeks of exercise (p\<0.05). Additionally, juvenile runners showed a trend toward a persistent decrease in Firmicutes 25 days following exercise cessation (p = 0.061).

![Effects of early life exercise at the phylum level.\
The relative abundance of nine phyla for adult and juvenile run and sed rats following three days (3d) and six weeks (6 wk) of exercise, and 25 days following exercise cessation (25d post). Significant differences in phyla due to exercise were only observed in juvenile runners. Specifically, juvenile onset exercise increased relative abundance of Euryarchaeota and Bacteroidetes and decreased relative abundance of Firmicutes and Proteobacteria, overall as well as at 6 wk. \*p\<0.05.](pone.0125889.g004){#pone.0125889.g004}

Supervised learning analyses: early life exercise altered specific genera {#sec018}
-------------------------------------------------------------------------

Next, supervised machine learning was utilized to examine differences in microbial composition across all levels of taxonomy in order to determine if significant changes were apparent beyond the phylum level. [Fig 5](#pone.0125889.g005){ref-type="fig"} depicts classification accuracy as a function of the taxonomic level of the features. When collapsing samples into the following three categories: age of running onset, running status, and running status and time point, supervised learning revealed that the highest classification accuracy was observed when samples were classified based upon age of running onset ([Fig 5A](#pone.0125889.g005){ref-type="fig"}), signifying pronounced differences in microbial composition between juvenile onset runners versus adult onset runners. Classification accuracy increased across levels of taxonomy and was highest for age of running onset at the genus level, indicating that a *specific* subset of genera can be used to accurately distinguish between samples belonging to juvenile versus adult runners.

![Supervised learning analyses: early life exercise altered specific genera.\
Classification accuracy generated from supervised learning depicted across each level of taxonomy. A) When samples were collapsed into age of running onset, running status, and running status and time point categories, the highest classification accuracy was observed for age of running onset. B) Next, the algorithm attempted to classify time of sample collection separately for each experimental group. The classification accuracy of predicting time point increased to 16.875 times better than random guessing for juvenile runners only, indicating that certain genera were significantly altered across time in juvenile runners.](pone.0125889.g005){#pone.0125889.g005}

Next, each experimental group was considered separately, and the supervised learning algorithm attempted to classify which time point each sample was obtained from ([Fig 5B](#pone.0125889.g005){ref-type="fig"}). When considering juvenile runners only, the classification accuracy of predicting time of sample collection (i.e., three days after start of exercise, six weeks after start of exercise, or 25 days post exercise) increased to 16.875 times better than random guessing at the genus level. These results indicate that a subset of specific genera served as accurate predictors of sample time point in juvenile runners only, suggesting that samples obtained from juvenile runners contained a unique microbial composition at each time point.

Supervised learning can distinguish the particular microbial taxa that are acting as the most accurate predictors of sample time point. The algorithm accomplished this by assigning an importance score to each taxon based upon the decrease in classification accuracy observed when that taxon is removed as a predictor. Here, particular taxa were considered to be highly predictive if the mean decrease in accuracy was 1.0% or more. We examined importance scores for juvenile runners at the genus level only, since prior analyses revealed that classification accuracy was highest at this level. Seven genera were identified as having an importance score of 1.0% or higher; this indicates that these genera were significantly altered by juvenile onset exercise, and served as key predictors for discerning between time points in samples obtained from juvenile runners ([Table 1](#pone.0125889.t001){ref-type="table"}).

10.1371/journal.pone.0125889.t001

###### Discriminant taxa and respective feature importance scores.

![](pone.0125889.t001){#pone.0125889.t001g}

  PHYLUM                    GENUS                  FEATURE IMPORTANCE SCORE
  ------------------------- ---------------------- --------------------------
  Bacteroidetes             Rikenellaceae g\_      2.98%
  Parabacteroides spp.      2.97%                  
  Bacteroides spp.          1.40%                  
  Firmicutes                Ruminococcus spp.      1.43%
  Christensenellaceae g\_   1.22%                  
  Actinobacteria            Bifidobacterium spp.   1.20%
  Euryarchaeota             Methanosphaera spp.    1.00%

Taxa important for predicting which time point a sample obtained from a juvenile runner came from, at the genus level of taxonomy. The feature importance score of each taxon depicts the decrease in classification accuracy observed when that particular taxon is removed as a predictor. Here, a taxon was considered to be important if the mean decrease in accuracy was 1.0% or more.

Impact of juvenile versus adult onset exercise at the genus level {#sec019}
-----------------------------------------------------------------

Given that supervised learning analyses revealed high classification accuracy at the genus level, additional analyses at this level of taxonomy were performed. After correcting for false discovery rate, mixed design ANOVA revealed that several bacterial genera were significantly modulated by age, exercise status, and time ([S1 Table](#pone.0125889.s001){ref-type="supplementary-material"}). Notably, exercise by age interactions were identified in seven genera; six of these genera were significantly modulated by juvenile onset exercise, while three were modulated by adult onset exercise ([Table 2](#pone.0125889.t002){ref-type="table"}).

10.1371/journal.pone.0125889.t002

###### Impact of juvenile versus adult onset exercise at the genus level.

![](pone.0125889.t002){#pone.0125889.t002g}

  PHYLUM              GENUS                  POST-FDR P VALUE                                             DIRECTION
  ------------------- ---------------------- ------------------------------------------------------------ ------------------------------------------------------------
  Bacteroidetes       Rikenellaceae g_AF12   0.027                                                        Decreased by juvenile exercise Increased by adult exercise
  Rikenellaceae g\_   0.048                  Decreased by juvenile exercise Increased by adult exercise   
  Firmicutes          Blautia spp.           0.02                                                         Increased by juvenile exercise
  Turicibacter spp.   0.042                  Increased by adult exercise                                  
  Anaerostipes spp.   0.02                   Increased by juvenile exercise                               
  Euryarchaeota       Methanosphaera spp.    0.042                                                        Increased by juvenile exercise
  Proteobacteria      Desulfovibrio spp.     0.042                                                        Decreased by juvenile exercise

Summary of exercise by age interactions observed following ANOVA at the genus level of taxonomy.

Effects of age of exercise onset on body composition across the lifespan {#sec020}
------------------------------------------------------------------------

Given the potential for early life exercise-induced microbiota changes to contribute to a lean phenotype, we examined body composition in juvenile versus adult run and sedentary rats using chemical carcass analysis in a separate cohort subjected to the same protocols. Mean total weekly running distances for chemical carcass rats were examined across six weeks of exercise ([Fig 6A](#pone.0125889.g006){ref-type="fig"}). Running distance increased overall across six weeks (p\<0.0001), and age did not impact total running distance (p = 0.325). A time by age interaction was observed (p\<0.0001). Similar to the running pattern observed in the 16S cohort, running distance for adult runners increased across time during the first half of exercise and declined during the second half of exercise. Conversely, running distance for juvenile runners generally increased each week throughout the duration of exercise (see graph for detailed post-hoc comparisons).

![Effects of age of exercise onset on body composition across the lifespan.\
A) Weekly total running distance across time for the separate cohort used for chemical carcass analyses. Adult runners ran less toward the end of exercise, whereas running distance steadily increased for juvenile runners throughout the duration of exercise. Total distance summed across six weeks did not differ by age. B-D depict body weight, lean mass and fat mass, respectively, for juvenile and adult run and sed chemical carcass rats after six weeks of exercise (6 wk) or 25 days following exercise cessation (25d post). B) Body weight; adult runners weighed less than adult seds at 6 wk, however they returned to sedentary levels 25d post. In contrast, juvenile onset runners consistently weighed more than their sedentary counterparts at both time points. C) Lean mass; juvenile onset runners had sustained increases in lean mass at both time points. D) Fat mass; sustained decreases in fat mass were observed in adult onset runners only. Data are represented as mean ± SEM; \*p\<0.05.](pone.0125889.g006){#pone.0125889.g006}

Body weights were examined immediately before chemical carcass procedures in sacrificed adult and juvenile runners after six weeks of exercise or 25 days following exercise cessation ([Fig 6B](#pone.0125889.g006){ref-type="fig"}). Overall, adults weighed more than juveniles (p\<0.001). ANOVA also revealed significant interactions between age and exercise status (p\<0.001). Post hoc comparisons revealed that adult onset runners weighed significantly less than their sedentary counterparts immediately after exercise cessation (p\< 0.01) and returned to sedentary levels 25 days following exercise cessation. In contrast to the pattern observed in the adults, juvenile runners weighed more than their sedentary counterparts immediately after exercise cessation (p\< 0.002), as well as 25 days following exercise cessation (p\<0.007).

Carcass analysis revealed that lean mass increased across time (p\<0.0001), and was higher overall in adults (p\<0.0001) and runners (p\<0.0108). ANOVA further revealed an age by exercise interaction (p\<0.0001). Follow up analyses showed that lean mass significantly increased in juvenile runners only, following six weeks of exercise (p\<0.0003) and 25 days following exercise cessation (p\<0.0001), indicating that early life exercise can produce lasting increases in lean mass. No such patterns were observed in the adult runners ([Fig 6C](#pone.0125889.g006){ref-type="fig"}). Carcass analysis also revealed that fat mass increased across time (p\<0.0001), and was higher in adults (p\<0.0001), and sedentary rats (p\<0.0002). ANOVA further revealed a run by age interaction (p\<0.0005), in that fat mass was greater in adult sedentary rats at both time points (p\<0.0012, p\<0.0001, respectively), indicating that the impact of being sedentary on fat mass was greater for adults than juveniles ([Fig 6D](#pone.0125889.g006){ref-type="fig"}).

Discussion {#sec021}
==========

Findings from measures of alpha and beta diversity, supervised learning, and microbial composition analyses at the phylum and genus levels collectively support the hypothesis that exercise initiated during the juvenile period had a more robust impact on the gut microbiota than exercise initiated in adulthood. This point is best illustrated by comparisons at the phylum level, where changes in phyla were only observed in the juvenile runners, and with comparison at the genus level, where supervised learning and ANOVA analyses both demonstrated that microbial genera were more robustly altered in juvenile runners than in adult runners. Although several studies have demonstrated that exercise is capable of altering the gut flora \[[@pone.0125889.ref033],[@pone.0125889.ref035],[@pone.0125889.ref037],[@pone.0125889.ref062]--[@pone.0125889.ref065]\], this study is the first to demonstrate that the gut microbiota may be more sensitive to exercise during early life.

At the phylum level, early life exercise increased the relative abundance of Bacteroidetes and decreased Firmicutes. Increased Bacteroidetes along with decreased Firmicutes within the gut may be reflective of a lean phenotype, and has been associated with adaptive metabolic consequences such as increased SCFA production, increased energy expenditure, and inhibited fat accumulation in adipose tissue \[[@pone.0125889.ref010]\]. Conversely, increases in Firmicutes and decreases in Bacteroidetes have been associated with obesity \[[@pone.0125889.ref012]\]. Interestingly, in a recent study \[[@pone.0125889.ref037]\], exercise prevented high-fat diet induced weight gain and similarly produced an increased Bacteroidetes to Firmicutes ratio. Importantly, in the current study, the microbial pattern reflective of a lean phenotype was only observed in the juvenile runners, indicating that the developmental stage during which exercise is initiated may be important for establishing this adaptive change in phyla. Additionally, there is tentative evidence for lasting decreases in Firmicutes in juvenile runners only (p = 0.061; 25 days following exercise cessation), suggesting that the exercise-induced changes observed within juvenile runners may be capable of persisting. This trend toward persistent changes following early life exercise warrants further investigation.

Supervised learning analyses revealed that exercise uniquely altered specific genera within the juvenile runners. Specifically, supervised learning analyses using the random forests (RF) algorithm examined differences in microbial composition between treatment groups at all levels of taxonomy. Our approach suggested that a specific subset of genera could be used to accurately classify samples belonging to juvenile versus adult runners, indicating differences in microbial composition between these two groups. Furthermore, this analysis showed that specific genera could be used to identify time of sample collection in young runners with significantly greater accuracy than any other experimental group. This suggests that the microbial communities of juvenile runners were distinctively altered at each time point, while the microbial communities of the other groups were less affected.

At the genus level, supervised learning feature importance scores identified seven discriminant genera in the juvenile runners, and ANOVA identified six genera altered by juvenile exercise and three altered by adult exercise. Among the genera identified with supervised learning, *Bifidobacteria spp*. have been linked to reducing anxiety \[[@pone.0125889.ref066]\] and depression \[[@pone.0125889.ref067]\], and have been associated with leanness in humans \[[@pone.0125889.ref034]\]. Notably, increases in *Bifidobacteria spp*. as well as increases in lean mass were observed in rats fed diets containing whey protein isolate \[[@pone.0125889.ref068]\]. *Methanosphaera spp*. were shown to be altered in young runners using both analyses; these species belong to the domain Archea and utilize hydrogen as an energy source \[[@pone.0125889.ref069]\]. Increases in hydrogen within the gut can hinder the efficiency of microbial fermentation, and *Methanosphaera spp*. can help provide more efficient carbohydrate fermentation. Thus, comparisons at the genus level also suggest that early life exercise can modulate specific bacteria capable of producing adaptive changes in metabolism.

Others have also observed alterations in various genera following exercise in adults \[[@pone.0125889.ref063]\] and the present study is the first to demonstrate that more genera are impacted by juvenile onset exercise compared to adult onset exercise. Though no changes at the phylum level were found in adults, exercise-induced changes at this level in adult humans and rats have been previously reported \[[@pone.0125889.ref062],[@pone.0125889.ref063]\]. Differences in age of running onset as well as duration and type of exercise may account for this. The present data suggest that although six weeks of adult onset exercise can alter the abundance of a few genera, early onset exercise is more capable of impacting the overall structure of the microbial ecosystem.

These phylum and genus level changes are consistent with the types of phenotypic changes in body composition found in our juvenile runners. Juvenile onset runners but not adult runners showed increases in lean body mass measured using chemical carcass analyses that persisted after running had stopped, consistent with previous reports \[[@pone.0125889.ref070]\]. Though these effects could be attributed to exercise directly, these data collectively suggest that microbial composition in younger rats may play a role in promoting and/or maintaining sustained increases in lean mass. In support of this idea, a recent study showed that brief antibiotic regimens during early life that transiently disrupted the gut microbiota were capable of producing lasting alterations in body composition \[[@pone.0125889.ref024]\]. Similarly, previous work in humans has also detected a relationship between early life microbial composition and body mass later in life \[[@pone.0125889.ref025]\], as well as between early life microbial disruptions and obesity \[[@pone.0125889.ref026],[@pone.0125889.ref027],[@pone.0125889.ref071]\]. Although mechanisms for how exercise-altered microbial composition can promote stable changes in lean mass were not investigated in this paper, several positive metabolic consequences associated with the microbiota could play a role. For instance, an exercise-altered microbial composition could promote SCFA production and thus enhance energy availability and expenditure, as well as reduce fat storage through a variety of mechanisms \[[@pone.0125889.ref072]\], including modulating expression of angiopoietin-like protein 4 or ANGPTL4 \[[@pone.0125889.ref073]\] and decreasing lipoprotein lipase mediated triglyceride uptake \[[@pone.0125889.ref074]\]. Given that a number of previous studies have found a strong association between early life microbial composition and body mass throughout the lifespan, the role of the microbiota in promoting early life-exercise induced increases in lean body mass should be further explored.

Measures of alpha diversity revealed that juvenile rats had lower species richness (fewer species) as well as lower Shannon entropy (less evenly dispersed microbial communities) relative to adults. Similar patterns were found in humans across different ages \[[@pone.0125889.ref030]\], in that the microbial composition of infants and children was also less stable and diverse relative to adults. The increased stability and complexity of the adult microbiota may make it more impervious to environmentally-induced change \[[@pone.0125889.ref028]\], while the decreased stability and diversity of the younger gut may be why the early microbial environment is *more* sensitive to change. Indeed, a recent paper demonstrated that an individual's bacterial diversity was indicative of its responsiveness to diet-induced changes; greater diversity was associated with a less responsive gut microbiota \[[@pone.0125889.ref075]\]. These data offer additional support for this idea.

Measures of alpha diversity further revealed that community evenness and richness were both decreased in juvenile runners. These reductions support our hypothesis that juvenile onset exercise had a greater impact on gut microbial composition than adult onset exercise. A lower Shannon value indicates an uneven community structure, suggesting that the relative abundance of some taxa is either much higher or much lower compared to other taxa. Furthermore, a complimentary lower richness value may suggest that exercise is affecting community evenness by reducing or eliminating specific taxa. These findings differ from existing findings examining richness following exercise. Clarke *et al*. reported an increase in several measures of alpha diversity in young adult professional rugby players \[[@pone.0125889.ref062]\]. In rats, Petriz *et al*., investigated the impact of four weeks of exercise in several rat strains and found that bacterial diversity increased after exercise across all strains \[[@pone.0125889.ref063]\]. Factors such as age, diet, exercise intensity and duration as well as rat strain/phenotype may account for this difference. Additionally, it is important to note that although increased diversity and richness has been linked to better health \[[@pone.0125889.ref076]\], these data need to be interpreted in the context of our other findings. Analyses at the phylum and genus levels reveal that while early onset exercise decreased overall species richness, it increased certain adaptive microbial phyla and genera. Thus, the patterns of change as well as the potential functional consequences are important to consider.

One of the limitations of this study is that microbial composition was only measured in fecal samples. Although we have previously found no differences between cecal contents and fecal samples using 16S \[[@pone.0125889.ref049]\], it is possible that samples of adherent microbes from the intestinal lumen could have yielded different results \[[@pone.0125889.ref077]\]. Another potential limitation of this work is that caloric intake was not measured. Because rats can regulate energy balance and typically consume the appropriate amount of calories to sustain optimal body mass \[[@pone.0125889.ref078],[@pone.0125889.ref079]\], it is not surprising that rats with wheel access may ingest slightly more calories \[[@pone.0125889.ref037]\]. Nonetheless, although diet is an important modulator of microbiota, some studies suggest that minor, transient differences in caloric intake, in absence of manipulating the composition or nutrient quality of diet, have little impact on microbial composition \[[@pone.0125889.ref080]\]. Finally, possible physiological consequences of altered microbial composition were not directly investigated. While body composition was explored, body mass and bacterial composition were measured in separate cohorts of rats, making causal conclusions concerning the functional consequences of gut microbial community structure not possible. In addition, SCFA production was not investigated and should be explored in future studies.

The present study demonstrated the novel finding that exercise initiated during early life may have a more pronounced impact on the gut microbiota than exercise initiated in adulthood. These results offer support for the idea that the microbiota is more plastic and sensitive to change during early life. In addition, these results add to the growing literature demonstrating that manipulating microbial ecology in early life may produce lasting changes in host physiology \[[@pone.0125889.ref021],[@pone.0125889.ref024],[@pone.0125889.ref026]\]. Given that juvenile onset exercise produced microbial patterns associated with leanness as well as enduring increases in lean mass, it is possible that exercise-induced alterations in microbiota during early life may potentially contribute to sustained metabolic consequences.
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